ABSTRACT
INTRODUCTION
The translational repression complexes which form between RNA bacteriophage coat proteins and their genomic RNAs to regulate expression of phage replicase cistrons have long been studied as examples of sequence-specific RNA recognition (1). Uhlenbeck and his colleagues have shown that for the Group I phage R17(MS2) the information required for sequence-specific recognition by a dimer of phage coat protein is contained entirely in a 19 nucleotide (nt) operator fragment capable of forming a stem-loop structure with a bulged adenine on the 5' leg of the stem (Fig. 1) . As well as acting as a translational repression complex, the l9mer-coat protein dimer interaction appears to act as an assembly initiation complex (2) , triggering self-assembly of the quasi-equivalent shell (3) . Sequence variation experiments have been used to define a consensus sequence for coat protein binding. Remarkably, the identity of the nucleotides at only a few positions is vital, provided that the Watson-Crick base pairing of the stem is maintained. These important recognition sites are the loop residues A -4, U -5 and A -7 and the bulged A -10 (numbering relative to the start ofthe replicase cistron +1; see Fig.  1 for details). Indeed, even some of these key residues can be varied with retention of binding. A -10 can be substituted by guanosine with some loss of affinity, but substitution of U -5 by C yields an operator with a significantly higher affinity for coat protein than the wild-type sequence (4) .
Previous attempts to explain the importance of these residues have involved arguments about: (i) intercalation of the purine at -10 into the base paired stem, thus kinking the structure; (ii) the ability ofadenines to stack on the underlying base paired stem and the possibility of non-Watson-Crick hydrogen bonding between the adenines at -4 and -7 (5, 6) ; (iii) the possibility of covalent Michael adduct formation with a protein cysteine thiol group for the pyrimidine at -5 (7) . Suggestions (i) and (ii) were based largely upon model building, whilst proposal (iii) was based on the inactivation of phage coat protein for RNA binding by modification of residue Cys46 by thiol reagents or by treatment with 5-halogenated pyrimidines (4, 8) . It has been proposed that such a covalent adduct mechanism explains the increased affinity of the C -5 variant, since cytidine is more reactive to nucleophilic attack at C6 (from a protein thiol group) than uridine. Biologically, the presence of uridine rather than cytidine at position -5 in the wild-type operator makes sense in terms of the regulatory role of the translational repression complex, the C -5 variant having a significantly decreased off-rate (a half-life of 408 min versus 0.70 min for U -5) (9).
Below we describe the effects on coat protein affinity of systematic chemical substitutions or modifications at defined sugar or base positions within the l9mer and correlate them with the RNA-protein interactions observed in the coat protein-operator crystal structure (10 
RESULTS AND DISCUSSION
Synthesis, modification and characterization of operator variants Previously we have shown that 2'-deoxyadenosine substitutions at -4, -7 or -10 are silent in terms of coat protein affinity (9) . At each site, therefore, we produced variants containing 2'-deoxyinosine (dl), purine-2'-deoxyriboside (dPu) and 2'-deoxy-7-deazaadenosine (d7deazaA) to examine recognition of both exocyclic and ring functional groups. Substituents at position -5 were aimed initially at trapping the proposed Michael adduct and later at dissecting the role(s) ofthe exocycic groups at pyrimidine ring positions 4 and 5. The variants used were: 2'-deoxy-uridine (dU), 2'-deoxy-thymidine (T, d5MeU), 2'-deoxy-5-fluorouridine (d5FU), 2'-deoxy-5-bromouridine (d5BrU), 2'-deoxy-5-iodouridine (d5IU), 2'-deoxy-4-thiothymidine (4ST, d4SMeU), ribo-5-bromouridine (5BrU), ribo-5-cyanouridine (5CNU), ribo-4-thiouridine (4SU) and 2-pyrimidinone riboside (4HC). All the variants were bound by the coat protein under the assay conditions with the exception ofthe A -10 deletion, which did not bind at all, confirming that the complexes formed by the other variants were sequence-specific. The complex formed with the wild-type operator was also resistant to competition with excess tRNA (9) . The relative affinities of the variant operators used are listed in Table 1 . In addition to the synthetic variants, we used binding interference assays to probe recognition at positions -4, -5, -7 and -10. Wild-type operator fragments produced by in vitro transcription were modified briefly using functional group-specific reagents, the modified RNAs recovered and used in filter binding assays with concentrations of coat protein expected to produce -80% retention of input RNA, equivalent to 10 times the apparent equilibrium constant. Equivalent aliquots of unfiltered, filterbound and filtrate (unbound) RNAs were recovered and the extent of modification at each site determined by direct cleavage or reverse transcriptase primer extention followed by denaturing polyacrylamide electrophoresis. Comparison of the relative band intensities in all three lanes allowed rough quantitation of the degree of interference (Fig. 2 and Table 2 ). At the protein concentrations used it is likely that minor interference effects would not be detected. The reagents used were DEPC, DMS and CMCT. These react at N7 of adenine, NI of adenine and N3 of uridine respectively (26) .
Recognition of the A -4 and A -10 residues
As the data in Table 1 show, removal of the 2'-OH group at positions -4 or -10 is silent in terms of coat protein affinity. However, substitution of the exocyclic NH2 group or elimination of N7 at -4 have large effects on affmnity. In contrast, the same set of modifications at -10 show only modest effects on affinity. These results are consistent with the binding interference data (Table 2) , which show that modification of NI at either site or N7 at -4 results in strong interference, whilst modification of N7 at -10 does not.
These results correlate reasonably well with expectations based on the coat protein-operator crystal structure (Fig. 3a-c) . Although residues A -4 and A -10 are quasi-2-fold related and each is surrounded by the same amino acid residues on each subunit, the details of the interaction at each site differ. At A -4 the OH groups of ThrA45 and SerA47 make hydrogen bond contacts to the N7 and Ni ring positions respectively. The side chains of LysA61 and ValA29 help to define the edges of the .m < ThrA45 , which results in still lower affinities. At A -10 the orientation of the base is different and the exocyclic amino group, as well as N7, points away from the pocket. This explains the small effects of substitutions and modifications at these positions. The NI of A -10 also forms a hydrogen bond, but with ThrB45. The binding interference data are consistent with this. The side chain of SerB47 appears to be involved in a water-mediated hydrogen bond to the 2'-OH position of the sugar, whilst the e-amino group of LysB61 also makes a contact to the 5'-phosphate oxygen of the same nucleotide. It is less easy to rationalize the affinity of dA -10. It is possible that the water-mediated hydrogen bond to the 2'-OH group at -10 either does not form in solution or contributes very little to the free energy of complex formation. The reduced affinities may therefore reflect altered interactions with solvent molecules or changes in the conformational equilibrium between liganded and free forms ofthe operator (22) .
Recognition at A -7
At -7 substitution by dA is silent, whilst the dPu and d7deazaA variants are mildly deleterious. dl substitution leads to a 10-fold drop in affinity and modification at both NI or N7 interferes with binding. The explanation for these effects is not readily apparent from inspection ofthe crystal structure (Fig. 3c) . The A -7 residue is tightly stacked between C -5 and G -8, which presumably helps to orientate the base at C -5. It is not contacted directly by the protein, suggesting that deleterious effects ofsubstitutions may be due to disruption of solvent structure or displacement of the conformational equilibrium of the unliganded RNA. The modification data are consistent with the structural data, since the bulkier reaction products could not easily be accommodated in the stacked structure. DEPC modification also leads to opening ofthe adenine five-membered ring, which would reduce the ability of the base to stack with its neighbours. halogenation at C -5 might be to alter the tautomeric equilibrium between keto and enol forms ofthe base, an effect which has been reported in model compounds (27 (Fig. 3c) . The side chain of TyrA85 is hydrogen bonded to the 02P group of C -5. There is no covalent adduct to this residue, as previously discussed (1) . The side chain of Cys46 is actually on the opposite side of the 13-sheet from the face which binds to the RNA. Since the residues on either side of Cys46 (Thr45 and Ser47) form key elements of the recognition pockets for A -4 and A -10, it is plausible to attribute the chemical sensitivity of the protein to thiol reagents to local disruption of the conformation of the polypeptide chain in this region. This is consistent with the results of experiments with mutant coat proteins in which both protein Cys residues (46 and 101) were substituted by residues incapable of Michael adduct formation. Both in vivo (29) (30) (31) and in vitro (32, 28) such mutants are still able to bind the operator RNA and to discriminate in favour of cytidine. Clearly this discrimination cannot be the result of the contact from AsnA87, suggesting that the interaction of the exocyclic amino group at C4 is the critical one.
Conclusions
Although crystallographic data allow the intermolecular contacts in complexes to be identified, they cannot be used to determine the importance of particular contacts for assembly or overall stability. Such data come from solution binding studies, such as those reported here, guided by the crystallographic results. In this case, the crystals of the operator-capsid complex were obtained by adding TR fragments to preformed crystals of RNA-free, recombinant capsids (10) . The capsids are composed of 180 copies of the coat protein subunit organized into a T = 3 quasi-equivalent surface lattice formed from two types of non-covalent dimer, A/B and C/C. Remarkably, the TR fragments were able to penetrate to the centre of the capsid, where they bound to all the dimers in the shell. Binding to C/C dimers was in either orientation, as expected, but binding to A/B dimers was in a unique orientation allowing the details of the sequencespecific RNA-protein interaction to be seen in the resultant electron density maps. Although the protein subunits in A/B dimers are conformationally distinct, the principal differences are relatively remote from the RNA binding site, which appears at the present resolution (3.0 A) to be identical in both subunits. Thus it is not possible to understand the specificity of binding from the structural data alone.
The functional studies in solution presented here complement the structural data and show unambiguously that the complex seen in the crystal is the same as the biologically relevant one, i.e. the one that forms in solution between TR and a single coat protein dimer. In summary, substitution or modification of RNA functional groups involved in direct hydrogen bond contacts with the protein were deleterious, with the exception of the watermediated contact to the 2'-OH at -10. Large effects on relative binding affinity (>10-fold reduction in affinity compared with wild-type) were observed when direct contacts were eliminated. Milder effects (<10-fold reduction in affinity compared with wild-type) could not be interpreted in terms of the interactions seen in the crystal and may be the result of local disruptions to the operator structure, to effects on the conformational equilibria at the loop residues and at -10 or simply to experimental error. The coat protein-operator crystal structure is consistent with our earlier proposal that recognition at position -5 involves hydrogen bond donation from the exocyclic atom/group at C4. The biphasic binding curve for SBrU -5 was reported previously (9) . We proposed then that its unusual affinities could be the result of the effects of halogen substitution on tautomer equilibrium or to the steric effects of the bulky bromine atom on a conformational equilibrium. Definitive explanations of the effects of substitutions at position -5 may well emerge from the crystal structure of the coat protein wild-type operator complex (Valegard et al., in progress).
These data illustrate very clearly the subtlety of RNA-protein recognition events. For the MS2 translational repression complex to form, both the protein and the RNA stem-loop must adopt defined conformations from a number of possible states. Sequence specificity primarily involves single-stranded nucleotide residues which are located in separate binding pockets on the surface of the 13-sheet of the coat protein subunits. Stacking interactions between bases and protein tyrosine side chains and contacts to the phosphodiester backbone from both main chain and side chain groups are also important. Since the origin of the unique TR interaction with A/B dimers is still unknown, it is not yet clear how the TR-coat protein complex can catalyse the self-assembly of the phage shell. NMR studies on the unliganded TR fragment in solution suggest that the RNA conformer seen bound to the protein in the capsid structure is only a minor proportion of the species present, suggesting that assembly must involve conformational change in both the RNA and the coat protein subunits.
Note added in proof
The refined crystal strucutre of the C -5 operator complex has recently been completed and reveals an additional RNA-protein interaction in the loop region. GluA63 is hydrogen bonded to the 2'-OH group at -5, consistent with the reduced affinity of the dU variant at this site (Table 1) .
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